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high-energy lithium-ion batteries, with capacities of 250-300 mAh.g -1 that closely approach theoretical
intercalation limits. Unfortunately, these materials suffer severe capacity fade on cycling, amongst other
performance issues. Whilst ion substitution can improve the performance of many of these materials, the
underlying mechanisms of property modification are not completely understood. In this work we show
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capacity of ~ 270 mAh.g -1 , only 79% of this remains after 200 cycles. Including ~ 2% Cr in the material, likely
at the R3m metal (3a) site, improved cycle performance by ~ 13% and including ~ 5% F in the material, likely
at the R3m oxygen (6c) site, enhanced capacity by ~ 4-5% at the expense of a ~ 12% decline in cycle
performance. Moreover, Cr doping enhances energy density retention by ~ 13% and F doping suppresses this
by 17%. We find that these changes arise by different mechanisms. Both anionic and cationic substitution
promote faster Li diffusion, by 48% and 20%, respectively, as determined using cyclic voltammetry and
leading to better rate performance. Unlike anionic substitution, cationic substitution enhances structural
stability at the expense of some capacity, by suppressing lattice distortion during Li insertion and extraction.
This work implicates strategic cationic-anionic co-doping for enhanced electrochemical performance in
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ABSTRACT: Lithium-rich metal oxides Li1+zMO2 (M = Ni, Co Mn, etc) are promising positive electrode materials for high-energy 
lithium-ion batteries, with capacities of 250-300 mAh.g
-1 
that closely approach theoretical intercalation limits. Unfortunately, these 
materials suffer severe capacity fade on cycling, amongst other performance issues. Whilst ion substitution can improve the per-
formance of many of these materials, the underlying mechanisms of property modification are not completely understood. In this 
work we show enhanced performance of the Li(Li0.13Ni0.24Co0.12Mn0.5)O2 electrode, consisting of Li2MnO3 (with C2/m space group) 
and LiMO2 (with R3̅m space group) phases, and establish the effects of cationic and anionic substitution on the phase and structure 
evolution underpinning performance changes. Whist the undoped material has a high capacity of ~ 270 mAh.g
-1
, only 79% of this 
remains after 200 cycles. Including ~ 2% Cr in the material, believed to reside at the R3̅m metal (3a) site, improved cycle perfor-
mance by ~ 13% and including ~ 5% F in the material, believed to reside at the R3̅m oxygen (6c) site, enhanced capacity by ~ 4-5% 
at the expense of a ~ 12% decline in cycle performance. Moreover, Cr doping enhances energy density retention by ~ 13% and F 
doping suppresses this by 17%. We find that these changes arise by different mechanisms. Both anionic and cationic substitution 
promote faster Li diffusion, by 48% and 20%, respectively, as determined using cyclic voltammetry and leading to better rate per-
formance. Unlike anionic substitution, cationic substitution enhances structural stability at the expense of some capacity, by sup-
pressing lattice distortion during Li insertion and extraction. This work implicates strategic cationic-anionic co-doping for enhanced 
electrochemical performance in lithium-rich layered metal-oxide phases. 
■ INTRODUCTION  
Lithium-ion batteries (LIBs) are the most promising ener-
gy-storage technology for electric and plug-in hybrid-
electric vehicle applications, however, the energy density 
of existing LIB technology needs to improve to meet 
emerging market requirements.1-3 The major bottleneck 
for this improvement is the positive electrode, with the 
first commercialized and commonly used LIB positive elec-
trode material, LiCoO2, now superseded by stoichiometric 
LiNixCo1-x-yMnyO2 (such as LiNi1/3Co1/3Mn1/3O2)4, 5 and its 
Li-rich siblings Li1+zNixCo1-x-y-zMnyO2 (commonly appearing 
as the composite xLi2MnO3.(1-x)LiMO2, with M = Ni, Co, 
Mn)6-10. These are a technologically-important class of pos-
itive-electrodes, offering the possibility for higher energy 
density at reduced cost. In particular, the Li1+xMO2 or 
xLi2MnO3.(1-x)LiMO2 (where M are transition metals) ma-
terial has been reported with various phases, including as 
a single Li1+xMO2 phase and as a two-phase system with a 
main LiMO2 phase containing nanodomains of Li2MnO3.6-10 
The single-phase Li1+xMO2 is reported with R3̅m space 
group symmetry and stacking faults in the lithi-
um/manganese layers along the c-axis.6 The main phase of 
the two-phase system has R3̅m space group symmetry that 
contains an intergrowth of a monoclinic Li2MnO3-like 
phase with C2/m space group symmetry, with these phas-
es hetero-interface in particle grains.8 Notably, diffraction 
data of the material contain reflections that are unindexed 
by the R3̅m space group, and it is these reflections that are 
the source of phase composition discrepancies. Important-
ly, neutron powder diffraction (NPD) is particularly sensi-
tive to this material structure, where the coherent neutron 
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scattering lengths for the elements commonly found in this 
material, Li, Cr, Ni, Mn, and Co, are -1.9, 3.6, 10.3, -3.7, and 
2.5 × 10-15 m, respectively. Consequently, work character-
izing the Li1+xMO2 material using high resolution NPD con-
firm a two-phase composition with a main layered R3̅m 
LiMO2 phase and C2/m Li2MnO3 second phase.11 However, 
the use of NPD to study Li1+xMO2 is relatively rare, perhaps 
as a result of difficulties accessing the limited neutron fa-
cilities.  
Despite their structural complexity, Li1+xMO2 materials are 
attracting increasing attention as LIB positive electrodes 
due to their low cost/toxicity and high capacity of ~250 – 
280 mAh.g−1,12-14 and because they suffer from severe volt-
age decay issues thought to originate from a 3 V transfor-
mation to a spinel-like phase.15-17  Cation mixing caused by 
the similar ionic radii of Ni2+ and Li+ possibly also leads to 
unsatisfactory rate and cycle performance at high currents.  
The mechanism of capacity fade in Li1+xMO2 has been stud-
ied by several researchers.14-18 Using the combination of in 
operando NPD and synchrotron transmission X-ray mi-
croscopy, particle cracking in combination with grain 
boundary movement was revealed to underpin capacity 
fade.11 Similarly, Song et al. report that phase-separation is 
responsible for the gradual reduction in discharge 
voltage.16 It is also reported that cycle deterioration can be 
suppressed by pre-cycling treatment during which the 
upper potential limit of 4.5 V is increased by 0.1 V every 
two cycles to 4.8 V during initial cycling.19 The pre-
treatment at the lower voltage range was shown to reduce 
structural changes and surface micro-cracking, improving 
cycle stability.19  
The electrochemical performance of LiNixCo1-x-yMnyO2 can 
also be enhanced by structure modification via doping 
with foreign elements such as alkaline earth metals,20-22 
transition metals,23-26 rare earth metals,27, 28 and halogen 
elements.29-32 Despite the complicated Ni:Co:Mn doping in 
LiNixCo1-x-yMnyO2 or Li1+zNixCo1-x-y-zMnyO2, cationic substitu-
tion for Ni2+ can stabilize the structure and reduce Li/Ni 
mixing, thereby modifying electrochemical performance.20-
28 Where a relatively-large radius dopant is incorporated, 
an increase in the material’s c lattice parameter has been 
observed and correlated with decreased transfer re-
sistance. 28 Anionic substitution with halogens such as F for 
O has also been useful in altering grain size and improving 
crystallinity, as well as stabilizing the electrode/electrolyte 
interface and thereby improving cycle performance.29-32 
The resulting electronic modification is also reported to 
hinder the loss of O through the relatively-stronger F-metal 
bond in Li-rich compounds.32 Whilst these doping strate-
gies can be effective in modifying electrochemical behav-
ior, the potential existence of nanodomains of Li2MnO3 and 
LiMO2 components8-10 as well as complex doping in single-
phase Li1+xMO2,7 leads to difficulties in establishing the link 
between doping and electrochemical performance.  
In this work, we use NPD to study the phase and structure 
of pristine, Cr-doped, and F-doped 
Li(Li0.13Ni0.24Co0.12Mn0.5)O2 positive lithium-ion battery 
electrodes and their evolution during battery cycling and 
establish their structure-function relationship.  
■ EXPERIMENTAL 
A study of Li(Li0.13Ni0.24Co0.12Mn0.5)O2 with 2% Cr and 5% F 
was chosen on the basis of preliminary performance tests 
at 1 C. Tests of 1, 2, and 3% Cr revealed that 2% Cr induced 
the smallest first cycle irreversibility. Tests of 5, 7.5, and 
10% F revealed 5% F to yield the highest capacity and best 
rate capability (see Figure S1). 
Pristine, Cr-doped, and F-doped Li(Li0.13Ni0.24Co0.12Mn0.5)O2 
are termed LNCM, Cr-LNCM, and F-LNCM, respectively. 
LNCM, Cr-LNCM, and F-LNCM powders were synthesized 
via a carbonate co-precipitation process. Stoichiometric 
amounts of manganese sulfate (MnSO4•H2O), nickel sulfate 
(NiSO4•7H2O), and cobalt sulfate (CoSO4•7H2O) were dis-
solved in deionized water and used as the starting materi-
als. The starting materials were added dropwise into a 
continuously-stirred reactor tank, into which Na2CO3 as 
precipitator and NH4OH as chelating agent were separately 
fed. The solutions were maintained at 60 °C, a pH of 7.5–
8.5, and at 800 rpm stirring. After formation, the spherical 
carbonate precursor powders were filtered, washed, and 
dried at 120 °C. The carbonate precursors were then mixed 
with the required amount of lithium hydroxide (LiOH) and 
calcined at 900 °C in air for 16 h to form black powder 
LNCM. Fluorine and chromium were doped into the LNCM 
powders by mixing and calcining with appropriate 
amounts of NH4F and Cr(NO3)3•H2O, respectively. The mix-
tures were thoroughly ground and calcined at 600 °C for 4 
h in air to produce F-LNCM and Cr-LNCM. A lower temper-
ature (600 °C) was used in the post annealing to maintain 
parental LNCM form.   
X-ray powder diffraction (XRPD) data over the 2θ range 10 
– 80° with a step size of 0.02° were collected for as-
prepared LNCM, Cr-LNCM, and F-LNCM powders using an 
X’pert Pro with CuKα radiation. High-resolution neutron 
powder diffraction (NPD) data of LNCM, Cr-LNCM, and F-
LNCM were obtained using ECHIDNA, the high-resolution 
neutron powder diffractometer with 1.6211(5) Å neutrons 
(determined using the La11B6 NIST standard reference ma-
terial 660b) at the Open Pool Australian Light-water 
(OPAL) research reactor at the Australian Nuclear Science 
and Technology Organisation (ANSTO).33 NPD data were 
obtained over the 2θ range 6.5 – 164° with a step size of 
0.05°. GSAS-II34 was employed to perform Rietveld analysis 
of the high-resolution NPD data, where the refined param-
eters included background coefficients, the zero-shift, peak 
shape parameters, lattice parameters, atomic positional 
parameters, atomic displacement parameters (Uiso), and 
site occupancy factors. The data were described success-
fully by a two-phase model using a main hexagonal R3̅m 
phase10, 28 and a secondary monoclinic C2/m phase.6, 9 In 
the refinement the atomic concentrations of atoms were 
initially set to the target values and the total occupancy of 
each site constrained to unity. The zero shift in the final 
refinements varied between -0.06(1) to -0.08(2). 
The morphology of the as-synthesized samples was exam-
ined using field-emission scanning electron microscopy 
(FE-SEM) with a Hitachi SU8000 operated at 15 keV. Ele-
mental weight fractions were determined using inductive-
ly coupled plasma atomic emission spectrometry (ICP-AES, 
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S-35, Kontron). To perform ICP-AES measurements, the 
samples were digested in Aqua Regia (HNO3 + 3 HCl) and 
further diluted with deionized water.  
LNCM, Cr-LNCM, and F-LNCM powders were used as active 
materials in coin cells by mixing with conductive carbon 
(Super P) and polyvinylidene difluoride (PVDF) binder in a 
weight ratio of 80:10:10 in an adequate amount of N-
methyl-2-pyrrolidone (NMP). The mixed slurry was coated 
onto aluminum foil and dried at 80 °C for 1 h to evaporate 
the organic solvent. The coated foil was roll-pressed and 
dried at 100 °C for 12 h in a vacuum furnace to obtain the 
electrode. The electrodes were assembled into CR2032-
type coin cells with Li metal as the counter electrode and 1 
M LiPF6 dissolved in a 1:1 mixture by volume of ethylene 
carbonate (EC) and dimethyl carbonate (DMC) as the elec-
trolyte for electrochemical characterizations. Coin cells 
were assembled in a glove box under an argon atmos-
phere. Cyclic voltammetry (CV) curves were recorded at 
scan rates of 0.1, 0.2, 0.4, 0.8, and 1 mV.s-1 within the range 
2.0 – 5.0 V (vs. Li) using an Autolab potenti-
ostat/galvanostat (PG302N). The CVs of the batteries at 2nd 
cycle were used to calculate the lithium diffusivity. Further 
electrochemical testing within the voltage window 2.0 – 
4.8 V (vs. Li) was performed using a Maccor series 4000 
(USA). Cycle performance tests were also conducted using 
full-configuration coin cells with Li4Ti5O12 (LTO) as the 
counter electrode in the voltage window 0.5 – 3.3 V (vs. 
LTO). The specific capacity of the cells was calculated 
based on the weight of active positive electrodes (LNCM, 
Cr-LNCM, and F-LNCM).   
In operando NPD measurements were performed using 
standard 18650-type full batteries. The 18650 full batter-
ies with Celgard® separator were prepared by the Indus-
trial Technology Research Institute (ITRI) of Taiwan. 
LNCM and LTO electrodes for these full-batteries were 
prepared by casting a slurry of active material (80 wt.%), 
acetylene black (10 wt.%), and PVDF binder (10 wt.%), 
dissolved in NMP onto Al foil using a double-sided coating 
machine. The single sided coating thickness of LNCM and 
LTO was 62 and 139 μm, respectively, resulting in a LNCM 
: LTO loading of 1: 1.13 (mAh) with LNCM being the limit-
ing material. Electrode dimensions of 85 × 5.5 cm2 were 
rolled with 2 layers of separator, and each battery con-
tained ~ 5 g electrolyte. In operando NPD data of the 
18650-type batteries were collected using WOMBAT,35 the 
high-intensity neutron powder diffractometer at the OPAL 
research reactor at ANSTO. The 18650-type batteries are 
an ideal geometry for the WOMBAT diffractometer and 
were galvanostatically charged and discharged at 0.1 A 
between 0.5 and 3.3 V (vs. LTO). The charge-discharge 
process was performed using an Autolab potenti-
ostat/galvanostat (PG302N) under ambient conditions, 
with the external temperature maintained at 22.5 C. A 
neutron beam with a wavelength of 2.4123(2) Å was used, 
determined using the La11B6 NIST Standard Reference Ma-
terial 660b. The diffractograms were obtained with an ex-
posure time of 1 min per pattern in the angular range 16.1 
- 136.9° during charge-discharge cycling. Single-peak fit-
ting of the LNCM 012 and LTO 222 reflections was per-
formed using the Large Array Manipulation Program.36  
■ RESULTS AND DISCUSSION 
The molar fraction of elements obtained from ICP-AES for 
the as-synthesized LNCM, Cr-LNCM, and F-LNCM materials 
are shown in Table 1. Scanning electron microscopy (SEM, 
Figure S2) shows that the doping processes do not influ-
ence the LNCM morphology or average particle size.  
As-synthesized LNCM, Cr-LNCM, and F-LNCM materials 
were characterized using both laboratory XRPD and high-
resolution NPD. The XRPD data are shown in Figure S3 and 
the Rietveld refinement profiles using NPD data are shown 
in Figure 1a, b, and c. The XRPD data for all the as-prepared 
samples are nearly identical, with sharp reflections. Unlike 
similar Li1.2Ni0.13Mn0.54Co0.13O2 samples with Li:M varying 
between 1.2 and 1.8,37 XRD data of our samples was unable 
to be indexed by a monoclinic C2/m space group, and in-
stead was indexed to a hexagonal phase with R3̅m space 
group, in agreement with other work.10 In addition to well-
defined sharp peaks, the appearance of a broad feature at 
20-22° 2θ was observed, as consistent with other work.6-10 
The ratio of the R3̅m phase 003 and 104 reflection intensi-
ties is calculated to be nearly unity, which indicates that 
the main phase is a typical layered structure with a low 
level of Li/Ni cation mixing, in which the (003) plane is 
shared by all metal ions and the (104) plane is occupied by 
all the elements in the material. The clear splitting of the 
006 and 102 reflections as well as the 018 and 110 reflec-
tions, characteristic for the R3̅m layered structure, is ob-
served, further evidencing low levels of cation mixing.38, 39 
Whilst the NPD data of all samples could be indexed to a 
solely monoclinic C2/m space group, as informed by our 
XRPD data, a phase with a R3̅m layered structure was used 
initially to model the NPD data for all samples. The R3̅m 
layered structure described most reflections of the NPD 
data except for those at ~ 44-45° and ~ 112° in 2θ, which 
are indexed by the 040/221̅ and the 225̅/082/511̅/280 
reflections, respectively, of the monoclinic Li2MnO3 phase 
(as shown for LNCM in Figures S4 and S5). Therefore, the 
only model that adequately describes both our XRD and 
NPD data of LNCM, Cr-LNCM, and F-LNCM samples is a two 
phase composition with a main LiMO2 phase with R3̅m 
space group10 and a second Li2MnO3 phase with C2/m 
space group.6, 9 Rietveld refinement of structural models 
containing the LiMO2 and Li2MnO3 phases against the NPD 
data reveal a weight ratio of ~ 4:1 for these phases, respec-
tively, and excluding the Li2MnO3 phase from the structural 
model of the NPD data causes the Rwp figure of merit to rise 
substantially, from ~ 4.6% to 11.7% for the LNCM sample 
data. The contributions from the individual phases to the 
final refinement profile are shown in Figure S5. The two-
phase nature of these composite electrodes is in good 
agreement with previous work demonstrating that bulk 
Li1+zNixCo1-x-y-zMnyO2 commonly presents as LiMO2 parti-
cles intergrown with a Li2MnO3 phase.8, 11 
The crystal structure details of the R3̅m and C2/m phases 
obtained from Rietveld refinement using the high-
resolution NPD data are provided in Table 2 and Table S1, 
respectively. LiMO2 and Li2MnO3 in the LNCM, Cr-LNCM, 
and F-LNCM samples remain in a ~ 4:1 weight ratio, re-




NPD data analysis of the doped materials revealed the 
monoclinic Li2MnO3 phase to retain the same lattice pa-
rameters (within 1 standard error) as that of the pristine 
LNCM material. Within the R3̅m layered LiMO2 phase, the c 
lattice parameter increases on doping with F, differing by 
more than 4 standard errors from the undoped material. 
Partial substitution of F for O within the LiMO2 layered 
phase is expected to lead to charge deficiency and a conse-
quential decrease in the attraction between M (and Li) and 
O, resulting in an expansion of the M(Li)O6 octahedron and 
an increase in the c lattice parameter, in good agreement 
with our findings and those of Kageyama et al.30 The simi-
lar neutron coherent scattering lengths of F and O (5.6 and 
5.8 × 10-15 m, respectively) complicate the crystallographic 
determination of F within the material phases. Inclusion of 
5% F at either O site of the monoclinic Li2MnO3 phase or at 
the O site of the layered LiMO2 phase did not change signif-
icantly the fit of the model to the NPD data of F-LNCM. As 
guided by the expected lattice parameter response, 
Rietveld refinement of the LiMO2 phase with 5% F at the O 
site yielded a site occupancy factor in agreement with the 
nominal synthetic doping level. Hence, the best model of 
the NPD data is with F doping at the O site of the LiMO2 
phase forming a material of formula 0.15(16)Li2MnO3. 
0.85(16)Li1.20(5)Ni0.24(5)Co0.13(4)Mn0.43(4)O1.90(6)F0.10(6). The 
lattice parameters of both LiMO2 and Li2MnO3 phases are 
relatively unchanged on Cr doping, a result consistent with 
the similar ionic radius of Cr3+ compared to the average of 
Ni2+, Co3+, and Mn4+.40 Although NPD yields excellent con-
trast between the transition-metals, the high level of co-
doping still presents an obstacle for the determination of 
Cr as it closely approaches the limit of detection (about 
1%) of the technique. As limited by the estimated standard 
error for site occupancy factors, we tested several models 
for the inclusion of Cr within the two phases of the Cr-
LNCM sample against the NPD data. Excluding Cr altogeth-
er or including Cr at the Li site within the layered LiMO2 
phase and the Mn site within the monoclinic Li2MnO3 
phase, all caused an increase in the goodness of fit of the 
model to the NPD data. The best description of the data 
was found by a model with Cr at the transition metal site 
(3a) within the main layered phase. The refined site occu-
pancy factor for Cr at this site yields a composition that is 
consistent with both the nominal concentration of the do-
pant in the synthesis and the ICP-AES results (Table 1), 
indicating a material composition with formula 0.15(9) 
Li2MnO3.0.85(9) Li1.25(5)Ni0.26(5)Co0.11(4) Mn0.38(4)Cr0.01(4)O2. Giv-
en the challenges of structural characterization of such 
low-level dopants, we cannot rule out the possibility that 
minute amounts of F and Cr may be present in the mono-
clinic Li2MnO3 phase. The LNCM, Cr-LNCM, and F-LNCM 
materials are nearly indistinguishable in terms of their 
phase ratio, level of Li/Ni cation mixing in the LiMO2 phase, 
particle size, or morphology.  
 
Table 1. Molar fraction of elements from ICP-AES. 
 
× 100 % (molar.) 
Li Ni Mn Co Cr 
LNCM 0.586(11) 0.112(2) 0.244(5) 0.058(1)  
Cr-LNCM 0.585(11) 0.115(2) 0.236(5) 0.056(1) 0.0070(1) 
F-LNCM 0.584(11) 0.112(2) 0.246(5) 0.058(1)  
 
Table 2. Crystallographic details of the R?̅?m LiMO2 phase 
in LNCM, Cr-LNCM, and F-LNCM samples obtained 
using high-resolution NPD. SOF = site occupancy factor 
and Uiso = isotropic atomic displacement parameter.  
Li1.21(4)Ni0.27(4)Co0.13(3)Mn0.39(3)O2 
Lattice parameter a =  2.8600(5) Å and c = 14.254(1) Å,  
c/a = 4.9839(6), volume = 100.98(1) Å3 
Atom Site x y z Uiso (Å
2) SOF 
Li 3b 0 0 1/2 0.01# 0.941(4)* 
Ni 3b 0 0 1/2 0.01# 0.059(4)* 
Li 3a 0 0 0 0.01# 0.27(3)** 
Ni 3a 0 0 0 0.01# 0.21(3)** 
Mn 3a 0 0 0 0.01# 0.39(3)** 
Co 3a 0 0 0 0.01# 0.13(3)** 
O 6c 0 0 0.2590(1) 0.061(4) 1 
*, ** constrained to sum to unity, # fixed. 
Li1.25(5)Ni0.26(5)Co0.11(4)Mn0.38(4)Cr0.01(4)O2 
Lattice parameter a =  2.8619(5) Å and c = 14.256(1) Å,  
c/a = 4.9813(6), volume = 101.11(2) Å3 
Atom Sites x y z Uiso (Å
2) SOF   
Li 3b 0 0 1/2 0.01# 0.966(3)* 
Ni 3b 0 0 1/2 0.01# 0.034(3)* 
Li 3a 0 0 0 0.01# 0.28(4)** 
Ni 3a 0 0 0 0.01# 0.23(4)** 
Mn 3a 0 0 0 0.01# 0.38(4)** 
Co 3a 0 0 0 0.01# 0.11(4)** 
Cr 3a 0 0 0 0.01# 0.01(4)** 
O 6c 0 0 0.2583(1) 0.005(1) 1 
*, ** constrained to sum to unity, # fixed. 
Li1.20(5)Ni0.24(5)Co0.13(4)Mn0.43(4)O1.90(6)F0.10(6) 
Lattice parameter a =  2.8686(6) Å and c = 14.295(1) Å,  
c/a = 4.9832(6), volume = 101.87(2) Å3 
Atom Sites x y z Uiso (Å
2) SOF 
Li 3b 0 0 1/2 0.01# 0.960(3)* 
Ni 3b 0 0 1/2 0.01# 0.040(4)* 
Li 3a 0 0 0 0.01# 0.24(4)** 
Ni 3a 0 0 0 0.01# 0.20(4)** 
Mn 3a 0 0 0 0.01# 0.43(4)** 
Co 3a 0 0 0 0.01# 0.13(4)** 
O 6c 0 0 0.2584(1) 0.001(1) 0.95(3)*** 
F 6c 0 0 0.2584(1) 0.001(1) 0.05(3)*** 
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Figure 1. Final Rietveld refinement profiles using NPD data of (a) LNCM, (b) Cr-LNCM, and (c) F-LNCM powders. (d) Refined lattice 
parameters a and c of the LiMO2 phase with errors smaller than the points. 
 
 
Figure 2. Fourier-difference maps obtained from high-resolution NPD showing negative nuclear density (surrounding 6c sites) overlaid 
with the refined structure for the LiMO2 phase in LNCM (a), Cr-LNCM (b), and F-LNCM (c). The possible Li jump-diffusion path is 
shown by a blue line. The iso-surface level is -0.17 fm/Å. 
It is generally accepted that lithium ions diffuse along the 
ab plane within the R3̅m phase.41 We study the lithium 
diffusion pathway by examining nuclear density arising 
from the lithium, obtained by Fourier-difference methods 
using high resolution NPD data and the refined R3̅m struc-
ture with lithium at 3b sites removed. The nuclear density 
arising from Li overlaid with the refined R3̅m structure 
(Figure 2) suggests that in all three electrodes lithium dif-
fuses between adjacent octahedral 3b sites via 6c tetrahe-
dral sites. This mechanism is similar to the so-called tetra-
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hedral site hopping reported for such R3̅m electrodes41 in 
which 6c tetrahedral sites located at (2/3, 1/3, ~ 0.45) 
lower the energy barrier for jump-diffusion between 3b 
sites in a similar manner to that reported for sodium with-
in O3-type electrodes.42 First-principle calculations41 also 
suggested the existence of such interstitial tetrahedral 
sites as necessary to lower the energy barrier for Li diffu-
sion along the ab plane within O3-type LixCoO2. Our obser-
vation of Li at the 6c site with coordinates (2/3, 1/3, ~ 
0.45) is the first reported for the LNCM material.    
Lithium generally diffuses by jump-diffusion in solids 
where the lithium diffusion coefficient is proportional to 
the hop frequency and the square of the hop distance.43 
The distance between the 6c and 3b Li sites, between 
neighboring 3b Li sites, as well as Li-O and M-O bond 
lengths, are summarized in Table 3. In LNCM, the Li3b-Li3b 
and Li3b-Li6c jump distances are increased by both Cr and 
F-doping, but are largest for the anionic doping case. For 
lithium to diffuse within the ab plane, its interaction with 
oxygen needs to be broken. Bond lengths are inversely 
proportional to strength,44, 45 and the hop frequency for 
lithium is expected to increase with increasing Li-O dis-
tance. The Li-O bond length in LNCM is shortened by Cr-
doping and relatively-unaffected by F doping. Taken to-
gether, these differences predict increased Li diffusion in 
F- and Cr-LNCM, expected to be largest in F-LNCM.  
 
Table 3. Li-O and M-O bond lengths and distance between 
Li at various neighboring sites in LNCM, Cr-LNCM, and 
F-LNCM.  







(Å)   
Change  
(%) 
Li-O 2.1115(7)  2.1070(6)  -0.21312(9) 2.1119(7)  0.018944(9) 










 1.7985(5)  1.7998(6)  0.07228(3) 1.8038(8)  0.2947(1) 
 
Figure 3 shows similar typical initial CVs of the LNCM, Cr-
LNCM, and F-LNCM composite electrodes within coin cells 
obtained at a scan rate of 0.2 mV.s-1 between 2.0 and 5.0 V 
(vs. Li). In the first charge, two main anodic peaks occur-
ring at ~ 4.3 and 4.5 V correspond to the concomitant oxi-
dation of Ni within LiMO2 and the electrochemical activa-
tion of Li2MnO3.6, 9 In successive CV curves, the redox be-
havior of Mn and Ni are clearly observed, with the polari-
zation between redox features in the CV curves similar 
between the samples. The redox couple Co3+/Co4+ is rela-
tively insignificant, possibly due to the relatively small 
amount of Co present.46 Although it has been suggested 
that Cr3+ can be electrochemically active,47-50 we do not 
observe additional anodic or cathodic features in the CV 
data of Cr-LNCM. This may be due to the small amount of 
Cr3+, which if active, we estimate the 3-electron reaction 
would contribute only ~ 13.8 mAh.g
-1
 to the battery capacity. 
The diffusivity of lithium during the Ni2+/Ni4+ oxidation 
process was calculated from the anodic CVs of the 2nd cycle 
(Figure 4a, b, and c), where a linear relationship between 
the peak current and the square root of the scanning rate is 
found (Figure 4d). The Randles-Sevcik equation (eq. 1):  
     (1) 
relates the specific peak current (Ip in A.g-1) to the geomet-
rical surface area51 of the electrode (A = 1.70 cm2, where 
the diameter of the electrode is 1.47 cm), the shuttle con-
centration (C ~ 0.0493 mol.cm-3, obtained using the mo-
lecular volume in Table 1), the charge-transfer number of 
electrons involved in the redox process (n = 2), the scan 
rate (ν in V.s-1), and the lithium ion diffusion coefficient (D, 
in cm2.s-1). Table 4 summarizes the calculated lithium dif-
fusivity within coin cells containing the LNCM, Cr-LNCM, 
and F-LNCM composite electrodes. The lithium diffusion 
coefficient for all samples is of the same order of magni-
tude as that previously-reported for LNCM, being ~ 10-11 
cm2.s-1.16 F-LNCM exhibits the largest lithium diffusion co-
efficient of 3.7(2) × 10-11 cm2.s-1, 48(5)% higher than for 
the pristine LNCM. This result is consistent with that pre-
dicted by the structural changes identified by high resolu-
tion NPD analysis discussed earlier. 
 
 
Figure 3. Cyclic voltammograms for the first two electrochemical 
cycles of (a) LNCM, (b) Cr-LNCM, and (c) F-LNCM containing 
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phase and the feature arising from the non-reversible activation of 
Li2MnO3 is identified in blue. The first cycle is in black and the 
second cycle is in red.   
 
 
Figure 4. Cyclic voltammograms of coin-cells containing (a) LNCM, (b) Cr-LNCM, and (c) F-LNCM. (d) Peak current as a function of 
square root of scan rate. An anomalous point at 1.0 mV.s-1 for Cr-LNCM was omitted.  
Table 4. Lithium diffusivity in LNCM, Cr-LNCM, and F-LNCM 
containing coin cells. 
  × 10-11 cm2.s-1 % increase 
LNCM 2.5(2)   
Cr-LNCM 3.0(2)  20(2) 
F-LNCM 3.7(2)  48(5) 
 
Figure 5a, b , and c show the charge-discharge curves of 
coin cells containing the LNCM, Cr-LNCM, and F-LNCM 
composite electrodes in the range 2.0 – 4.8 V (vs. Li) dur-
ing an asymmetric cycling profile with various charge (C) 
and discharge (D) currents. In the first two cycles, 0.1 C 
(and 0.1 D) was the lowest rate used to activate the 
Li2MnO3 component and gain the full capacity of the elec-
trode in the following cycles. For LNCM (Figure 5a), the 
initial specific charge and discharge capacity are 340.7 and 
262.3 mAh.g-1, respectively, constituting a coulombic effi-
ciency of ~ 77%. This irreversible capacity loss is revealed 
in the CV for the first cycle above 4.5 V by a large anodic 
peak, corresponding to the electrochemical activation of 
Li2MnO3 involving the evolution of oxygen. In the 2nd cycle, 
the activation of Li2MnO3 is complete6, 9 and the coulombic 
efficiency increases to ~ 99%, with the specific charge and 
discharge capacities being 266.2 and 262.8 mAh.g-1, re-
spectively. Cr-LNCM (Figure 5b) exhibits an initial specific 
discharge capacity of 258.1 mAh.g-1 with an initial cou-
lombic efficiency that is similar to LNCM. In contrast, F-
LNCM (Figure 5c) exhibits a specific discharge capacity of 
274.1 mAh.g-1 and a coulombic efficiency of ~ 86%, 
demonstrating the smallest initial irreversible capacity 
loss of the three electrodes, possibly as a result of electron-
ic structure changes postulated to inhibit the loss of oxy-
gen.30-32 It has been reported that a layer of FePO4 or po-
rous Co3O4 coating can be used as an intermediate host to 
accommodate the Li+ extracted from the Li2MnO3 matrix, 
with the Li+ unable to intercalate back into MnO2 after 
forming electrochemically active LixFePO4 and LixCoOy.52, 53  
These coatings achieve an initial discharge capacity of 
~180 mAh.g-1 without significant irreversible capacity loss. 
In our work, F doping achieves an initial discharge capacity 
of more than 270 mAh.g-1, approaching the theoretical val-
ue, and an initial irreversible capacity loss of ~ 14%. 
Following the initial Li2MnO3 activation cycle, the cells 
were cycled in the narrower 2.0 – 4.6 V (vs. Li) window to 
reduce the possibility of electrolyte decomposition at 
higher voltages. LNCM exhibited discharge capacities of 
242.8, 229.0, 214.0, and 199.9 mAh.g-1 at 0.1 D, 0.2 D, 0.5 D, 
and 1 D, respectively, higher than those for Cr-LNCM of 
230.5, 211.0, 192.9, and 183 mAh.g-1, respectively, possibly 
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due to a smaller number of redox-active centers (~1.3% 
less than for LNCM, Table S2). In contrast, F-LNCM has a 
similar number of redox-active centers to LNCM, but deliv-
ered better rate performance with discharge capacities of 
246.4, 234.6, 223.8, and 208.9 mAh.g-1 at 0.1, 0.2, 0.5, and 
1.0 D rates, respectively, likely as a result of faster lithium 
diffusion through the material. During discharge, 0.1, 0.2, 
0.5, and 1.0 D rates were chosen to compare the rate per-
formance of the three samples. 
The electrochemical performance of the LNCM, Cr-LNCM, 
and F-LNCM composite electrodes were further tested in 
full-configuration coin cells using the widely-studied 
Li4Ti5O12 (LTO) counter electrode, for consistency with the 
in operando NPD results. Compared with the Li counter 
electrode in half cells, LTO has a higher redox potential of 
~ 1.55 V (vs. Li), reducing the energy density of the bat-
tery, with this being the only difference to using a Li coun-
ter electrode. Figure 6a-c present the charge-discharge 
curves of these full-configuration coin cells at a 0.2 C and 
0.5 D rates up to 200 cycles, following two formation cy-
cles at 0.1 C and 0.1 D between 0.5 and 3.3 V (vs. LTO). 
Figure 6d shows the corresponding capacity retention and 
the coulombic efficiency (data in selected cycles are shown 
in Table S3) up to 200 cycles. Interestingly, the Cr-LNCM 
and F-LNCM containing batteries exhibited the best and 
worst cycle performance, respectively, retaining 89.7% 
and 70.0% of capacity, respectively, after 200 cycles, com-
pared with 79.4% for the undoped material. Compared to 
other studies, the capacity decay rate that we measure is 
reasonably-small for this material at such high rates.54  For 
example, Kobayashi et al. report a capacity retention of ~ 
89% after only 30 cycles at 0.1 C for the unmodified mate-
rial.54  
Cycle performance is also closely connected with voltage 
fade (Figure 6e), which is a problem typical for these elec-
trodes, thought to originate from a transformation to a 
spinel-like phase at 3 V (vs. Li).15-17 Voltage decay is de-
fined as  
     (2) 
Where the V for the nth cycle is the average discharge po-
tential as calculated by dividing the discharge energy by 
the discharge capacity. Compared with the undoped LNCM, 
Cr-doping has almost no effect on voltage decay up to 100 
cycles and only beyond this does the Cr-doped material 
exhibit pronounced voltage decay. F-doping increases the 
severity of the voltage decay immediately relative to the 
undoped material. The effects of Cr and F doping on volt-
age decay are even more pronounced after 200 cycles, with 
the Cr-LNCM showing a decay of 0.081 V and F-LNCM 
showing the large decay of 0.149 V. F-LNCM demonstrated 
the worst cycle performance and Cr-LNCM the best cycle 
performance, an interesting result. Whilst small amounts 
of F in Li-rich materials are reported to enhance cycle per-
formance,30-32 this does not occur for our F-LNCM, possibly 
due to the relatively-higher doping level. For example, dop-
ing of F at higher levels into LiNi1/3Mn1/3Co1/3O2−xFx de-
creased cycle performance due to the formation of a new 
unstable interface, as well as structural instability arising 
from the non-equivalent substitution of F for O.30 Similarly, 
within Li[Li0.2Mn0.54Ni0.13Co0.13]O2 the incorporation of 5% 
F was better for cycle performance than 10% F, where the 
F doping is reported to improve cycling stability of the 
layered phase through stabilization of the host structure.32 
The main contribution of F is postulated in the material to 
stabilize the electrode/electrolyte interface by maintaining 
interfacial resistances.32 However, in our work, F-LNCM 
did not perform better in cycling stability tests, and this 
discrepancy may be due the asymmetric charge-discharge 
(0.2 C/0.5 D) used in our work and/or the limited voltage 
range (2.0 – 4.6 V vs. Li) after activation of Li2MnO3. 
 
Figure 5. Capacity and rate performance of (a) LNCM, (b) Cr-
LNCM, and (c) F-LNCM within coin-cells. 
 




Figure 6. Charge-discharge curves of (a) LNCM, (b) Cr-LNCM, and (c) F-LNCM electrodes within full-configuration coin cells with LTO 
as the counter electrode. Shown also for these batteries are (d) discharge capacity, (e) voltage decay, and (f) discharge energy. Lines in (e) 
and (f) are guides to the eye and data are reported at selected points for clarity. 
 
 






To further characterize voltage decay, specific energies 
were calculated from the discharge curves and are shown 
in Figure 6f. Noting that the working potential of these bat-
teries is 1.5 V less than for the equivalent half cells as a 
result of the LTO counter electrode, the batteries deliver ~ 
400 mWh.g-1 at the 10th cycle, with the undoped material 
delivering ~ 313 mWh.g-1 after 200 cycles, compared with 
355 (13.3% higher) and 261 mWh.g-1 (16.7% lower) for 
batteries containing Cr-LNCM and F-LNCM, respectively. 
We consider two possible mechanisms for the enhance-
ment of structural stability by Cr. Firstly, electrochemically 
active Cr3+ may be oxidized to Cr6+, with the quasi-
reversible migration of Cr6+ at the R3̅m phase 3a site onto 
the 3b (Li) site mitigating voltage decay.47-50 In this scenar-
io, the suppression of voltage decay was previously found 
to occur in charge but not discharge,47 where our results 
show Cr doping suppressed voltage decay on discharge. 
The second possible mechanism for the enhancement of 
structure stability by Cr is that Cr is electrochemically inac-
tive, with these inactive MO6 centers stabilizing the struc-
ture and reducing voltage decay. This possibility is con-
sistent with the absence of features arising from the 
Cr3+/Cr6+ redox couple in our CV data and the small drop 
in capacity as a result of the absence of the 3-electron reac-
tion. In light of the insensitivity of our NPD data to the mi-
gration of Cr into the Li layer at this low doping level (Fig-
ure S8), we cannot rule out the possibility of Cr redox ac-
tivity in our Cr-LNMO. We note that the discrepancy be-
tween previously-reported Cr activity and our results may 
arise from material composition differences such as the 
fraction of the Li2MnO3 phase and transition metal doping, 
as well as differences in the upper voltage cutoff.  
A comparative investigation of the phase and structural 
evolution of the LNCM, Cr-LNCM, and F-LNCM materials 
within batteries containing LTO as the counter electrode 
was performed using in operando neutron powder diffrac-
tion (NPD). Contour plots of data for each battery in a se-
lected 2θ region are shown in Figure 7a, showing the evo-
lution of the LiMO2 012 and LTO 222 reflections during the 
first charge and discharge. The batteries were standard 
18650-type with ~ 5 g conventional organic electrolyte 
and Celgard® separator, resulting in a significant back-
ground contribution arising from the hydrogen in these 
components. Consequently, given the relatively-lower 
symmetry and smaller amount of Li2MnO3 in the battery, 
this component was not observable.  
The in operando NPD data were analyzed using single peak 
fitting of the LiMO2 012 reflection the results of which are 
shown in Figure 7b, and single peak fitting of the LTO 222 
reflection, the results of which are shown in Figure S6. The 
NPD data reveal that the LiMO2 phase in LNCM, Cr-LNCM, 
and F-LNCM electrodes exhibits a similar solid-solution 
type reaction during charge and discharge. Upon charging 
to 3.0 V (vs. LTO), the LiMO2 012 reflection position shifts 
to higher 2θ, consistent with lattice shrinkage during lithi-
um extraction. At 3.0 V (vs. LTO) and above, the Li2MnO3 
component is activated and the LiMO2 012 reflection re-
mains nearly unchanged in position, shifting only margin-
ally to lower 2θ. On discharge to 2.5 V (vs. LTO), again no 
significant shift in position of the LiMO2 012 reflection was 
observed. These results are similar to that reported for the 
undoped LNCM material by Chen et al.11  
We quantify the structural response of electrodes to lithi-
um extraction in each of the LNCM, Cr-LNCM, and F-LNCM 
containing batteries by examining the rate of change (° per 
min) and maximum change (°) of the LiMO2 012 reflection 
position. Following the first charge-discharge, the LNCM, 
Cr-LNCM, and F-LNCM materials exhibit reproducible 
charge-discharge curves in subsequent cycles, and there-
fore a comparison of the LiMO2 structural response occur-
ring in the first discharge between the three samples can 
be used to understand differences in cycle performance. 
Single-peak fitting of the LiMO2 012 reflection in NPD data 
obtained during the first charge at a constant current of 1.0 
A from open-circuit voltage (OCV) to 2.8 V (vs. LTO) re-
veals a rate of change of position of 4.55(7), 4.09(7), and 
4.14(7)° per min for LNCM, Cr-LNCM, and F-LNCM con-
taining batteries, respectively (Figure S7). The maximum 
shift of the LiMO2 012 reflection during this time is 
0.14(1), 0.11(1), and 0.12(1)° for LNCM, Cr-LNCM, and F-
LNCM containing batteries, respectively. The LiMO2 012 
reflection changes more slowly and less on charge in the 
Cr-LNCM and F-LNCM containing batteries than for the 
undoped LNCM containing battery. Conversely, on lithia-
tion during discharge from 2.6 to 2.0 V (vs. LTO), the rate 
of change of the LiMO2 012 reflection position was –
3.22(3), –3.28(3), and –3.43(3)° per min for the LNCM, Cr-
LNCM, and F-LNCM containing batteries, respectively (Fig-
ure S7). The maximum shift of the LiMO2 012 reflection 
during this time is 0.12(1), 0.14(1), and 0.15(1)° for 
LNCM, Cr-LNCM, and F-LNCM containing batteries, respec-
tively. The fastest and largest change in the LiMO2 012 re-
flection position occurring during discharge therefore oc-
curs for the F-LNCM containing battery, pointing to struc-
tural instability.  
We further explore the structural changes occurring in the 
three LNCM electrodes by the degree of structural distor-
tion in the transition metal oxygen octahedron of the Li-
MO2 phase by calculating the oxygen positional parameter, 
z. Although the NPD data do not support refinement of the 
oxygen positional parameter directly, it can be studied 
through the intensity of the LiMO2 012 reflection. NPD pat-
terns were simulated for LiMO2 using the crystallographic 
details as shown in Table 1 with an oxygen positional pa-
rameter varying from z = 0.251 to 0.275, establishing the 
relationship between the LiMO2 012 reflection intensity 
and z value (Figure 8a and b). The simulation results as-
sume a constant oxygen level in the layered LiMO2 phase, 
as supported by work revealing that oxygen loss occurs 
from the monoclinic Li2MnO3 phase,55 where the reflection 
intensity change is associated with repositioning of the O. 
We note that our previous work11 on this system revealed 
a reflection from the MnO2 delithiation product of Li2MnO3, 
however, we did not see this reflection in this work due to 
the use of hydrogenated electrolyte. Figure 8c depicts this 
octahedral distortion as z changes from 0.251 to 0.275, 
giving rise to a change in the O-M-O bond angle from 89.80 
to 101.34°. The relationship between reflection intensity 
and z value for the Cr- and F-LNCM is plotted in Figure S9. 




z, where a larger change in intensity is associated a corre-
spondingly larger octahedral distortion. This simulation 
clearly reveals that the Cr-LNCM electrode, which main-
tains the highest LiMO2 012 reflection intensity, exhibits 
the lowest octahedral distortion, implying that it is high 
structural stability underpinning its better cycle perfor-
mance. Although structural instability is not necessarily 
implicated by a lattice change, the magnitude of expansion 
or contraction during lithiation/delithiation processes 
directly correlates with strain, which is known to lead to 
performance decay on cycling. The relatively-larger struc-
tural change in the LiMO2 component of the F-doped elec-
trode during discharge points to structural instability, like-
ly explaining the poor cycle performance of this material. 
In contrast, whilst low-level doping of Cr doping does not 
significantly change the original lattice or enhance Li-
diffusivity or capacity, it results in less structural change 
during cycling.  
Scheme 1 summarizes the effects of Cr and F substitution 
on the structure and electrochemical performance of the 
LNCM positive electrode. In summary, F and Cr are be-
lieved to substitute into the R3̅m layered LiMO2 phase. Cr 
substitution does not have a major impact on the phase 
lattice parameter or lithium diffusivity through the materi-
al, but enhances cycling performance and reduces the volt-
age decay at the expense of a small amount of capacity. On 
the other hand, F substitution results in a significant ex-
pansion of the LiMO2 phase lattice and faster lithium diffu-
sion through the material, leading to greater capacity and 
rate performance. However, the cycling performance is 
reduced by F as a result of a greater structural change in 
the LiMO2 phase during cycling. 
   
 
Figure 8. (a) Simulated NPD patterns (at 2.4123 Å) for LiMO2 using the crystallographic details shown in Table 2 at various oxygen posi-
tional parameters (z) and (b) the LiMO2 012 reflection integrated intensity as a function of z obtained by Gaussian peak fitting of (a). Red 
rectangles are the measured intensity from experimental NPD data of LNCM-containing batteries during charge and solid blue rectangles 
are the calculated reflection intensity. (c) Crystal structure of the LiMO2 phase showing the MO6 octahedron at various oxygen positional 





Scheme 1. Summary of cationic and anionic substitution effects on the R?̅?m layered LiMO2 phase structure and perfor-
mance of the lithium-rich Li1+xMO2 (M = Ni, Mn, Co) positive electrode. We note that in F-LNCM, F occupies 5% of 6c sites 





The effects of doping Cr and F into the lithium-rich layered 
metal oxide Li(Li0.13Ni0.24Co0.12Mn0.5)O2 positive electrode 
material on battery performance and structural evolution 
was examined. Neutron powder diffraction revealed that 
doping with 2% Cr and 5% F did not change the electrode 
phase composition of 80 wt.% R3̅m and 20 wt.% C2/m 
space-group symmetry components, and microscopy 
measurements revealed that the dopants did not alter sig-
nificantly the particle size or morphology of the electrode 
powders.  
Crystallographically, structural characterization points to 
Cr and F doping occurring in the main layered R3̅m phase, 
with Cr doping at the 3a transition-metal site and not sig-
nificantly affecting the lattice, and F-doping at the 6c oxy-
gen site and significantly increasing the c lattice parame-
ter. Electrochemically, F-doping enhanced capacity and 
rate performance, postulated to occur as a result of en-
hanced Li diffusivity achieved by an increase in Li site hop 
distance. Cr-doping suppressed capacity and rate perfor-
mance. However, long-cycle testing of full configuration 
batteries revealed very poor cycle performance of the F-
doped material, with only 64.0% capacity retention and 
67.6% energy density after 200 cycles under a 0.2 C/0.5 D 
asymmetric cycle profile, in contrast to the enhancement 
of both cycle performance and voltage decay achieved by 
Cr-doping. These apparently contradictory results are ex-
plained by in operando neutron powder diffraction data 
which revealed a structural change of the LiMO2 phase that 
was enhanced by F-doping, suggesting structural instabil-
ity on cycling, in comparison to the suppression of LiMO2 
structural change achieved by Cr-doping.  
This work establishes the chemistry- and structure-
function relations for the lithium-rich layered metal oxide 
Li(Li0.13Ni0.24Co0.12Mn0.5)O2 and the roles of both anionic (F) 
and cationic (Cr) doping on this. Anionic substitution with 
F promotes a larger crystal lattice, resulting in faster Li 
diffusion, as well as higher capacity and rate performance. 
Cationic substitution with Cr promotes structural stability, 
at the expense of some capacity. Given these differences, 
co-doping is implicated as a possible future strategy for 
combining the benefits of these dopants for optimized 
electrochemical performance. 
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